Water pollution by heavy metal ions is thought to be on list of main environmental concerns because of its harmful impact on the ecosystem and public health [1] . The excessive rate of heavy metal concentration in the water causes a critical threat to health due to its non-degradability and toxicity [2] . Cu, Ni, and Zn are reported to being used in the mining, metallurgical, electroplating, and galvanization industries [3] [4] [5] . The effluents of these industries into the water commonly lead to adverse ecological problems and serious toxicological concerns. More proactive action in tackling the removal of heavy metal ions should be impressively necessitated for the sustainable uses of water in the future.
and SM1, were previously selected as the adsorbent of column adsorption test [14] . The adsorption capacities of loesses in Khon Kaen were primarily studied by the batch adsorption test [15] . Though the batch adsorption test could offer beneficial evidence on the application of the metal adsorption, column adsorption studies could provide the most practical application of this process. The column adsorption experiment was closer to the tangible circumstances than the batch adsorption experiment. The adsorption behaviors of loesses in Khon Kaen by the column adsorption remain unidentified. The objective of this study is to investigate the adsorption capability of Cu, Zn, and Ni on red and yellow loesses by small-scale column studies.
Materials

Adsorbents
Yellow loess and red loess in Khon Kaen were selected as the adsorbents in this study. The bulk samples were dug at a depth of 50 cm from its surfaces and in various zones based on their presence in the province. Loess deposits are abundantly found in Khon Kaen from a few to more than six meters above the water table [16] . The process to remove the bulk water from the samples was followed by oven-drying at 110ºC for 24 hours. The designated adsorbents for the column adsorption test were then sieved through 0.425 mm. The surface of the adsorbent grains were found to be smooth and sub-rounded [16] . Small clay content was presented in the form of clay bridge bonds [17] . The basic and engineering properties of the adsorbents are listed in Table 1 [15] .
Adsorbates
Cu, Ni, and Zn were used to represent the range of common heavy metals in the wastewater. Their adsorption behaviors on the red and yellow loesses were investigated by performing continuous flow. The concentration of the influents was designated to be 500 mg/L and obtained by dissolving the stock solution with the concentration of 100 g/mL into the deionized water. The properties of heavy metal solutions are shown in Table 2 [15] .
Experimental Procedure
Characterization of Adsorbents
The morphology of the surface of loesses particles was examined by a scanning electron microscope (S-3000N, Hitachi, Japan). The chemical contents of the adsorbents were verified by x-ray fluorescence (XRF). The specific surface area, total pore volume, and mean pore diameter were measured by ASAP-2010 following BrunauerEmmett-Teller (BET) adsorption theory [15] . The natural pH of the adsorbents was determined using a pH meter with proper calibration. A sample of natural pH test is defined by mixing 10 g of the oven-dried and sieved soil with 10 mL of deionized water in a graduated beaker. The mixture was stirred for 1 minute using plastic spoons and then left one hour before the pH measurement. The approved pHna of the adsorbent was the average pH of three samples of natural pH test. Procedure of Column Adsorption Test
The components of the column adsorption apparatus are described in Fig. 1 . PVC tubes with an internal diameter of 1.2 cm and height of 3 cm were used as a fixed-bed column. Adsorbents with mass of 30 g were packed and compacted in the fixed-bed column according to Standard Proctor Test before conducting the flowing process. The energy of the compaction of the samples was equal to the Standard Proctor Test. The number of blows was equivalently calculated based on the condition of the artificial hammer. The selected influents in this study were solutions of copper nitrate (Cu(NO 3 ) 2 ), zinc nitrate (Zn(NO 3 ) 2 ), and nickel nitrate (Ni(NO 3 ) 2 ) at concentrations of 500 mg/L. The red and yellow loesses were employed as the adsorbent in the fixed-bed column. The scope of these column studies is summarized in Table 3 .
The entire procedure of the experiment was designated to be completed within three different cycles. Cycles I, II, and III were successively carried out to investigate the adsorption process of the heavy metal ions, to evaluate the desorption behavior of the distilled water after the adsorption process, and to verify adsorption capability after the desorption process. The procedure of column adsorption is briefly described in Fig. 2 .
The flowing processes of each cycle were at least finalized until the exhaustion period of the adsorbents. The flow rate of the influents was designated to be equal to 0.5 mL/min. The pressure pump was used to drive a pressure of 35 psi into the PVC tube in order to stabilize this flow rate. The volume of the effluent solution (V eff ) was periodically collected and measured by the graduated beaker conforming to the service time (t). A chronometer was employed to measure the service time (t) at different collections of effluents. The effluents were diluted with 1% of nitric acid (HNO 3 ) to adapt the atomic analysis spectrometer detection limit. A Perkin Elmer-200 (Germany) atomic analysis spectrometer functioning with an air acetylene flame was used to measure the concentration of the effluents. The calibration curve of each heavy metal was plotted based on its wavelength and standard solutions. The concentration of the effluents (C t ) could finally be identified and the adsorption behavior of this column adsorption study can be interpreted by the "Breakthrough curves. " 
Mass of adsorbents m (g) 30
Flow rate Q (mL/min) 0.5
Initial concentration C 0 (mg/L) 500 Punrattanasin P., Sariem P.
Cycle I
Results and Discussion
Characterization of Adsorbents
The result of X-Ray Fluorescence demonstrated that the percentage of the silicate oxide (SiO 2 ), the aluminum oxide (Al 2 O 3 ), and the ferric oxide (Fe 2 O 3 ) were mainly found in the total weight. The amounts of the SiO 2 in yellow and red loesses were respectively 76.20% and 73.80%, while red loess of China contained 68.83% of SiO 2 [18] . This eventually shows that SiO 2 principally covers the entire chemical composition.
The second rank of chemical compositions in those adsorbents were followed by the Al 2 O 3 . The chemical contents of both adsorbents are presented in Fig. 3 . The surfaces of red and yellow loesses particles were magnified 5,000 times to inspect their heterogeneities and were separately illustrated in Figs. 4 (a) and (b). It was obviously seen that the surface of the yellow loess was rougher than the red one. The basic parameters of the micro-structure of adsorbents in this study and their natural pH are additionally provided in Table 4 . The specific surface areas of yellow and red loesses were 18.84 m 2 /g and 8.00 m 2 /g, respectively [15] .
Breakthrough Analysis
The performance of the fixed-bed column is particularly illustrated by the breakthrough curves. The breakthrough time and the shape of the breakthrough curve were utterly significant features to define the operation and dynamic response of an adsorption column [19, 20] . The typical breakthrough curve is usually represented by plotting C effluent or C effluent /C influent (C t /C 0 ) versus treated volume (V) or service time (t) [13] . The relationship between the service time (t) and the ratio of C effluent to C influent (C t /C 0 ) represent the breakthrough curves. The breakthrough point and the point of exhaustion of the column of breakthrough curves were correspondingly selected to be the point at which C t /C 0 =5% and C t /C 0 =95% [11] .
Figs. 5 (a), (b), and (c) describe the curves (t-C t /C 0 ) representing the adsorption process of Cu, Zn, and Ni on red (R) and yellow (Y) loesses. Three consecutive cycles (adsorption, desorption, and adsorption) were continuously performed. The breakthrough curves "S" were found in cycles I and III, whereas the form of curve in cycle II could not be determined. The results illustrated that the concentration of the effluents in cycle I increased sharply after the breakthrough point and then reached the point of the exhaustion of the column. This could be explained by the exit of mass transfer zone and the negligible ability to adsorb the bed [1] .
The concentration of the distilled water is normally found to be null. The concentrations of the effluent samples in cycle II at the beginning of the flowing period was contrastingly found to be positive. This could be due to the reversible process of the ions on the adsorbent surface during the flow of the distilled water. This could estimate that some metal ions were removed in cycle II. This phenomenon implied that these adsorbents can be recovered for further use. The progression of the concentrations of the effluents in cycle III was virtually similar to cycle I. Its time services (t) to reach the breakthrough points and the point of exhaustion column, however, seemed to be attained earlier than those in cycle I. This finding was attributed to the better availability of the active site in cycle I in comparison with cycle III, and be consistent with the previous studies [1, 13] . It was observed that the S-shaped curves of adsorption using red loess consisted of the earlier breakthrough points and rose more steeply near the point of the exhaustion column in comparison with using the yellow loess. The appearance of sharper shapes could be due to the smaller mass transfer zone of intraparticle and limited diffusion reasons [21] . The shift of the breakthrough curves from left to right showed the higher removal and efficiency of adsorption [22] . The adsorption capability demonstrated by the breakthrough curve in the right part is normally greater than the left one.
Experimental Analysis
The data given by the breakthrough curves were computed and analyzed using equations (1) to (6) . The summarized results of the experimental analysis are indicated in Table 5 .
The effluent volume (V eff ) is calculated by Eq. (1):
Total mass of adsorbate (q total ) adsorbed at specific column parameters can be defined from Eq. (2): (2) Maximum capacity of the column or equilibrium uptake per unit mass of adsorbent (q eq(exp) ) is calculated as follows:
Total amount of adsorbate passing from the column (m total ) is described as follows: (4) Total removal percentage of adsorbate (Y%) is computed in the following equation: Empty bed contact time (EBCT) in the column is described as: (6) ...where t total is the total flow time (min), Q is the flow rate (mL/min), C 0 is the concentration of the influents (mg/L), C t is the concentration of the effluents (mg/L), C ad is the adsorbed heavy metal concentration (mg/L), m is the mass of adsorbent packed in the column (g), and V b is the bed volume.
The empty bed contact time (EBCT) and the total service times (t total ) in cycle I were more time-consuming than those in cycle III. The total mass of the adsorbates (q total ) and the maximum capacity per unit mass of the adsorbents (q eq(exp) ) in cycle I simultaneously were greater than those in cycle III. The incomplete desorption process in cycle II probably leads to the reduction of adsorption efficiency in cycle III. The adsorption of cycle I in this study is likely to have physical forces. This could be certified that some amounts of the adsorbed metals were still present on the surface of the adsorbents after the desorption process in cycle II. The existence of these adsorbed metals may lessen the adsorption capability in cycle III. The total removal percentage of both adsorbents was superior to 90%. This could be assumed that the adsorbents with the mass of 30 g could nearly reach complete removal of the heavy metal ions of the initial concentration of 500 mg/L by applying a flow rate of 0.5 mL/min. Punrattanasin P., Sariem P. c)
The late attainment of the breakthrough point and the point of exhaustion of column by using yellow loess as the adsorbents in comparison with those by the red loess illuminated a significant difference of their adsorption capacities. The uptake capacities of yellow loess were found greater than those of the red one. The surface areas of the yellow and red were respectively equal to 18.84 m 2 /g and 8.00 m 2 /g. This phenomenon corresponded to the amount of the adsorbing site during the adsorption process. It was observed that the higher surface area of the adsorbents offers more adsorption efficiency and capacity. The maximum adsorption capacities per unit mass of the adsorbents were in the order of Cu<Zn<Ni.
Theoretical Analysis
Some mathematical models have been developed to predict the dynamic behavior of the column. The YoonNelson and Thomas models were applied to determine the behavior of the breakthrough curves in this study [23, 24] .
The Thomas Model was selected to evaluate the adsorption capacity of the adsorbent in a fixed bed column and is mathematically expressed as follows: (7) ...where k TH is the Thomas rate constant (mL/min mg) and q 0 is adsorption capacity (mg/g).
The Thomas rate constant (k TH ) and the adsorption capacity (q 0 ) obtaining from the linearized form of the Thomas Model are calculated based on the following equation: (8) Figs. 6 (a), (b), and (c) correspondingly illustrate the breakthrough curves conforming to the application of the Thomas Model. The coordinates of those modeled breakthrough curves were given by the computation of Eq. 7. The correlation coefficients (R 2 ) ranging between 0.956 and 0.995 show a good fitting trend of the Thomas Model to predict the adsorption capacity. These theoretical results were in good agreement with the experimental ones. This confirmed the applicability of this model to describe the experimental data. The parameters of the Thomas Model are described in Table 6 . Yoon and Nelson established a fixed bed adsorption kinetic model based on the assumption that the rate of decrease in the probability of adsorption for each adsorbate molecule is proportional to the probability of adsorbate adsorption and the probability of adosorbate breakthrough on the adsorbent. The linearized Yoon-Nelson Model is in the following equation: (9) ...where k YN is the rate constant (min -1 ), τ is the time required for 50% adsorbate breakthrough (min), and t is the processing time (min).
Yoon-Nelson was applied to address the breakthrough behavior in this study. The parameters of Yoon-Nelson are described in Table 6 . The time required for 50% adsorbate breakthrough given by Yoon-Nelson was approximately found in half of the total times. This parameter refers to the time interval in which the adsorbents can adsorb half the amount of total adsorption capacity. It was seen that the correlation coefficients (R 2 ) ranged from 0.956 to 0.995. This eventually showed that Yoon-Nelson can be found to be satisfactory to predict the breakthrough behavior in this study.
Conclusion
The breakthrough curves representing the adsorption process ultimately identified the adsorption behaviors in this research. The adsorption capabilities in cycle I appeared to be much greater than those in cycle III. The desorption process in cycle II could not fully remove the adsorbed metal ions from the surface of the adsorption. Distilled water should be replaced by other reagents (HCL or NAOH) to reach the complete removal of the adsorbed metals. Yellow loess depicted great adsorption capacities for all cases in comparison with the red loess. The higher surface area becomes a crucial parameter affecting the adsorption capacity. The value of the correlation coefficients (R 2 ) identified that Thomas and Yoon Nelson could properly predict the adsorption behaviors in this study. The wastewater treatment reservoir can be developed by using loesses as the adsorbents with Standard Proctor Compaction.
